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a self-immolative spacer enables
mechanically triggered dual payload release†

Yu-Ling Tseng, Tian Zeng and Maxwell J. Robb *

Polymers that release functional small molecules in response to mechanical force are promising materials

for a variety of applications including drug delivery, catalysis, and sensing. While many different

mechanophores have been developed that enable the triggered release of a variety of small molecule

payloads, most mechanophores are limited to one specific payload molecule. Here, we leverage the

unique fragmentation of a 5-aryloxy-substituted 2-furylcarbinol derivative to design a novel

mechanophore capable of the mechanically triggered release of two distinct cargo molecules. Critical to

the mechanophore design is the incorporation of a self-immolative spacer to facilitate the release of

a second payload. By varying the relative positions of each cargo molecule conjugated to the

mechanophore, dual payload release occurs either concurrently or sequentially, demonstrating the

ability to fine-tune the release profiles.
Introduction

Polymers that release functional small molecules in response to
mechanical force are promising for a range of applications
including catalysis, sensing, and drug delivery.1–3 In polymer
mechanochemistry, small molecule release is accomplished by
using mechanical force to drive productive chemical trans-
formations in stress-responsive molecules termed mechano-
phores, which are incorporated into polymer chains to achieve
force transduction.4–6 Mechanical force is an appealing external
stimulus that is routinely applied using a variety of methods
including solution-phase ultrasonication, or tension and
compression in polymeric materials, which afford spatiotem-
poral control over mechanophore activation.7 In the context of
molecular release, a recently reported method for activating
mechanochemical reactions using biocompatible focused
ultrasound under physiological conditions presents exciting
opportunities for biomedical applications including drug
delivery.8 These myriad techniques for external mechano-
chemical activation coupled with the excellent selectivity and
control afforded by molecular structure design have attracted
signicant interest in the development of mechanophores for
small molecule release.9 For example, gem-dichlor-
ocyclopropane mechanophores have been designed to release
HCl.10,11 A ex activation strategy has been devised for the
liberation of a small molecule furan from an oxanorbornadiene
mechanophore12 and the release of catalytically active N-
ering, California Institute of Technology,

robb@caltech.edu

tion (ESI) available. See DOI:

9

heterocyclic carbenes from carbodiimide adducts.13 Mechano-
phores have also been developed for the release of carbon
monoxide,14,15 metal ions,16–18 and other specic small
molecules.19,20

The development of mechanophores that release multiple
different payloads, however, is limited. Herrmann and Göstl
have developed a mechanophore platform based on a judi-
ciously designed disulde motif with cargo molecules attached
via b-carbonate linkages.21 Mechanical cleavage of the disulde
bond initiates a 5-exo-trig cyclization with concomitant cargo
release. The mechanophore can be assembled in a convergent
fashion such that a distinct cargo molecule is appended via
each carbonate linkage on either side of the mechanically active
disulde bond.22 Research has leveraged the bifunctional
character of this platform to trigger the concurrent release of
a drug molecule and a uorescent reporter, enabling indirect
real-time tracking of drug distribution in vitro following ex situ
mechanochemical activation. Combination chemotherapy is
another possible application of dual payload release, in which
the simultaneous delivery of two or more chemotherapeutic
molecules elicits a synergistic therapeutic effect.23 Despite the
advantageous simplicity of the disulde mechanophore plat-
form, its susceptibility to activation via chemical or enzymatic
reduction or thiol exchange reactions limits mechanochemical
selectivity and payload scope has largely been limited to alco-
hols and phenols.24

Over the past several years, our group has developed
a versatile mechanophore platform enabling the mechanically
triggered release of functionally diverse small molecules that
relies on masked 2-furylcarbinol derivatives.25–28 Upon mecha-
nochemical activation, the furan–maleimide mechanophore
undergoes a formal retro-Diels–Alder reaction to reveal
© 2024 The Author(s). Published by the Royal Society of Chemistry
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a thermally unstable 2-furylcarbinol derivative, which then
spontaneously decomposes to release its covalently bound
cargo. This general mechanophore design exhibits excellent
selectivity and is capable of efficiently releasing a wide range of
molecular payloads.26 In 2021, we described a mechanophore in
which an aryloxy substituent is installed at the 5-position of the
furan scaffold, serving both as an electron donating group to
enhance molecular release and the position of polymer
attachment (Scheme 1a).27 The synthesis of this aryloxy-
substituted mechanophore is efficient and scalable, while
maintaining competency for the release of phenols and even
more challenging arylamine payloads on reasonable timescales.
Furthermore, we discovered a unique fragmentation pathway
for the 5-aryloxy-substituted 2-furylcarbinol derivative that
resulted not only in the release of the intended cargo molecule
attached via a carbonate or carbamate linker, but also cleavage
of the aryloxy group from the furan. We reasoned that attack of
the intermediate furfuryl cation by methanol present in solu-
tion generated an ortho ester analogue that subsequently
collapsed to expel the tyrosol derivative. We further hypothe-
sized that this secondary fragmentation process could poten-
tially be exploited to achieve dual cargo release.29,30
Scheme 1 (a) Mechanically triggered small molecule release is
accompanied by a secondary fragmentation pathway resulting in
expulsion of a tyrosol-functionalized polymer. (b) Incorporation of
a self-immolative spacer enables mechanically triggered dual payload
release via a multistep retro-Diels–Alder/fragmentation–decarboxyl-
ation cascade.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Here, we leverage the unique fragmentation of this 5-aryloxy-
substituted 2-furylcarbinol scaffold by incorporating a self-
immolative spacer that enables the mechanically triggered
release of two distinct cargo molecules from a single mecha-
nophore (Scheme 1b). Upon mechanochemical activation, the
furan–maleimide Diels–Alder adduct is expected to undergo
a formal retro-[4 + 2] cycloaddition reaction to reveal an
unstable 2-furylcarbinol derivative, which decomposes via
a furfuryl cation intermediate according to the arrow pushing
mechanism shown in Scheme 1 to release the rst covalently
bound cargo molecule. Further fragmentation unmasks the
judiciously designed phenolic spacer, which self-immolates in
a 1,6-elimination process and another decarboxylation event to
release the second cargo molecule. We characterize the reac-
tivity of this novel mechanophore design through small mole-
cule model experiments, and demonstrate mechanically
triggered dual cargo release from polymers upon ultrasound-
induced mechanochemical activation. Furthermore, we show
that the release proles for the two different payloads can be
substantially modulated by varying their relative attachment
position on the mechanophore.
Fig. 1 Reaction of model compound 1 in polar protic solvent at room
temperature produces ArNH2 2 and ArOH 3 via a dual fragmentation–
decarboxylation cascade. Time-dependent reaction profiles for the
conversion of furan 1 and the generation of 2 and 3 characterized by
1H NMR spectroscopy (3 : 1 MeCN-d3/MeOD, [1]0 = 29 mM). A
rebound product is also formed under these conditions accounting for
an additional ∼32% release of ArNH2 2 as a result of the relatively high
substrate concentration (see ESI† for details).

Chem. Sci., 2024, 15, 1472–1479 | 1473
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Scheme 2 Synthesis of poly(methyl acrylate) (PMA) polymer PMA-1 containing a chain-centered mechanophore loaded with two distinct
molecular payloads.
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Results and discussion

We rst investigated the effect of the self-immolative spacer on
the decomposition of 5-aryloxy-substituted furan model
compound 1 toward dual cargo release. The model compound
incorporates an aryloxy substituent derived from vanillin that is
capable of a 1,6-elimination mechanism upon expulsion from
the furan.31 For comparison to our prior studies,26,27 we chose to
study the release of uorogenic aminocoumarin (ArNH2 2) and
hydroxycoumarin (ArOH 3) as model payloads, which were
connected via carbamate and carbonate linkages, respectively
(Fig. 1, see the ESI† for synthetic details). Preliminary experi-
ments performed on a simpler 5-aryloxy-substituted furfuryl
carbamate compound indicated that both fragmentation
processes illustrated in Scheme 1b occur in close succession.27

Furthermore, the release of phenols via 1,6-elimination of
similar self-immolative linkers is expected to be faster than the
release of an arylamine via decomposition of the furfuryl
carbamate.27,32 Therefore we anticipated that the release of
ArNH2 2 and ArOH 3 would occur on similar timescales, with
initial decomposition of the 2-furylcarbinol derivative and the
release of ArNH2 2 being rate determining in this case.

Furfuryl carbamate 1 is transiently stable in aprotic solvents
like chloroform and acetonitrile; however, the addition of
methanol into an acetonitrile solution of the small molecule
initiates fragmentation at room temperature resulting in the
release of both payloads.25 To characterize the kinetics of cargo
release, model compound 1was dissolved in CD3CN followed by
addition of CD3OD to afford a 29 mM solution (3 : 1 v/v,
respectively) and the reaction was monitored by 1H NMR spec-
troscopy at room temperature (Fig. 1 and Fig. S1†). Model
1474 | Chem. Sci., 2024, 15, 1472–1479
compound 1 was fully converted to products in 40 h, liberating
ArNH2 2 in ∼61% yield and ArOH 3 in ∼72% yield. The release
of ArNH2 2 and ArOH 3 follows rst order kinetics with half-lives
of t1/2 = 4 and 6 h, respectively. Release kinetics are roughly 2-
fold faster compared to our previously studied 5-aryloxy-
substituted 2-furylcarbinol derivative, which we attribute to
increased electron density on the aryloxy group due to the
methoxy substituent. Another set of peaks was observed in the
1H NMR spectrum that corresponds to the formation of a minor
product resulting from rebound of the liberated nucleophilic
ArNH2 2 onto the quinone methide derived from the self-
immolative linker (Fig. S2†). As expected,26 the formation of
this rebound product is concentration dependent and is not
observed in reactions with a lower substrate concentration of 20
mM (Fig. S3†), on the same order of the mechanophore
concentration in typical mechanochemical activation experi-
ments (vide infra). Taking the amount of rebound product into
account, the total yield of ArNH2 2 is ∼93% in the experiment
described by Fig. 1, illustrating the efficiency with which frag-
mentation of the furfuryl carbamate occurs. The slightly lower
yield of ArOH 3 compared to ArNH2 2 suggests that incomplete
fragmentation or other side reactions occur in the second step
involving the self-immolative linker. Nevertheless, the relatively
high release yields of both cargo molecules and the similar
release kinetics of ArNH2 2 and ArOH 3 highlight the potential
of this platform for mechanically triggered dual payload release.

Encouraged by the reactivity of the small molecule model
compound incorporating a self-immolative linker, we next set
out to investigate mechanically triggered dual cargo release
from a masked 2-furylcarbinol mechanophore incorporated
into a polymer. Density functional calculations using the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Mechanically triggered release of ArNH2 2 and ArOH 3 upon
ultrasound-induced mechanochemical activation of PMA-1 (2 mg
mL−1 in 3 : 1 MeCN/MeOH). Cargo release was measured at room
temperature beginning immediately after sonication of PMA-1 for
60min as characterized by quantitative HPLC. The dashed lines are fits
to simple first order kinetics. The initial value was subtracted from each
measurement and the data were normalized to the plateau value of the
fitted curve to highlight the relative release rates of each payload. Error
bars represent standard deviation from three replicate experiments.

Fig. 3 Mechanically triggered release of ArNH2 2 and ArOH 3 from
PMA-1 and PMA-Control subjected to varying durations of sonication.
Cargo release was quantified by HPLC after incubation at room
temperature for 48 h following sonication. Error bars represent stan-
dard deviation from three replicate experiments.
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constrained geometries simulate external force (CoGEF) tech-
nique33,34 predict the desired formal retro-[4 + 2] cycloaddition
reaction of the target furan–maleimide adduct upon mechan-
ical extension leading to the formation of the intended 5-
aryloxy-substituted 2-furylcarbinol derivative (Fig. S4†). There-
fore, the synthesis commenced from compound 4, which was
prepared in three steps from vanillin in 50% overall yield
(Scheme 2, see the ESI† for details). Next, deprotection and
nucleophilic substitution with 5-bromofurfural afforded fur-
aldehyde 5 in 74% yield over the two steps. Esterication of the
primary alcohol proceeded via carbodiimide coupling with a-
bromoisobutyric acid to produce 6 in 44% yield. Reduction of
the aldehyde with sodium borohydride at −40 °C followed by
a [4 + 2] cycloaddition reaction with a pre-functionalized mal-
eimide dienophile at room temperature produced endo-Diels–
Alder adduct 7 in 51% yield aer isolation via silica gel chro-
matography. Finally, the two cargo molecules were installed in
© 2024 The Author(s). Published by the Royal Society of Chemistry
a two-step sequence, rst by selective functionalization of the
primary alcohol with a coumarin isocyanate followed by
installation of the second cargo with a coumarin chloroformate
to generate bis-initiator 8 in 48% yield, which was then
employed in the controlled radical polymerization of methyl
acrylate with Cu wire/Me6TREN in DMSO35 to afford PMA-1 (Mn

= 106 kDa; Đ = 1.13) containing a chain-centered mechano-
phore. A similar synthetic procedure using N-methylmaleimide
was used to prepare chain-end functional polymer PMA-Control
(Mn = 98 kDa; Đ = 1.15, see the ESI† for details). The electron
rich aryloxy substituent imparts substantial thermal stability to
Diels–Alder adduct 7.27 Heating a solution of 7 in toluene-d8 at
70 °C for 5 and 24 h results in only ∼5 and 25% retro-Diels–
Alder reaction, respectively, while no retro-Diels–Alder reaction
was observed at room temperature over several weeks (Fig. S5
and S6†).

The mechanochemical reactivity of the mechanophore in
PMA-1 was evaluated using pulsed ultrasonication (1 s on/1 s
off, 12–13 °C, 20 kHz, 30% amplitude, 16.4 W cm−2) and cargo
release was characterized by high-performance liquid chroma-
tography (HPLC). To compare the kinetics of payload release
from PMA-1 with that from isolated small molecule model
compound 1, a 2 mg mL−1 solution of PMA-1 in 3 : 1 MeCN/
MeOH was subjected to ultrasonication for 60 min (sonication
“on” time), and then cargo release was quantied at regular
time intervals from aliquots of the solution incubated at room
temperature (Fig. 2). We note that uorescence spectroscopy
can also be used to selectively quantify the formation of ArNH2 2
(but not ArOH 3), which provided similar results and additional
condence in the HPLC measurements (see the ESI† for addi-
tional details). The release of ArNH2 2 from the mechanically
unmasked 2-furylcarbinol intermediate generated from PMA-1
occurs with a half-life of t1/2 = 11 h, which is slightly shorter
Chem. Sci., 2024, 15, 1472–1479 | 1475
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Fig. 4 Mechanically triggered release of ArNH2 2 and ArOH 3 upon
ultrasound-induced mechanochemical activation of PMA-2 (2 mg
mL−1 in 3 : 1 MeCN/MeOH). Cargo release was measured at room
temperature beginning immediately after sonication of PMA-2 for
60 min and characterized by quantitative HPLC. The data for ArNH2 2
were normalized to the plateau value of the fit to simple first order
kinetics (dashed blue line), while the data for ArOH 3was normalized to
the average percent release across all measurements. Error bars
represent standard deviation from three replicate experiments.
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than our previously reported substrate with a non-self-
immolative tyrosol linker (t1/2 = 15 h),27 consistent with the
more electron rich aryloxy group derived from vanillin. Notably,
the release of the second payload, ArOH 3, occurs with a similar
half-life of t1/2 = 13 h under these conditions. Normalized cargo
release is plotted in Fig. 2 to highlight the relative release rates
of each payload. These results are qualitatively consistent with
the release kinetics measured for small molecule model
compound 1 and demonstrate the rapid fragmentation–elimi-
nation–decarboxylation cascade of the self-immolative linker
that follows initial furfuryl carbamate decomposition leading to
the release of the rst cargo, ArNH2 2 (see Fig. 1).

Increasing the duration of ultrasonication leads to
a predictable increase in payload release from PMA-1 with
increasing mechanophore conversion, achieving average yields
of 64% for ArNH2 2 and 55% for ArOH 3 aer 5 h of sonication
(Fig. 3). Aliquots were periodically removed from the sonicated
1476 | Chem. Sci., 2024, 15, 1472–1479
solution of PMA-1 over the course of the experiment and incu-
bated at room temperature for 48 h to allow the complete
fragmentation of the mechanically generated furan interme-
diate before quantifying cargo release by HPLC. Consistent with
the experimental results for the decomposition of isolated small
molecule 1, the amount of released ArNH2 2 is higher than
ArOH 3 at every point in the reaction, again suggesting that the
second fragmentation process involving the self-immolative
linker is slightly less efficient than initial fragmentation of the
mechanically unmasked 2-furylcarbinol derivative. Gel perme-
ation chromatography was also used to determine changes in
molar mass resulting from polymer chain scission. Rather than
the typical bimodal evolution of molar mass that is character-
istic of mid-chain scission,36 we observed a continuous shi in
the average molar mass upon ultrasonication of PMA-1
(Fig. S7†). This trend is similar to results with our original
aryloxy-substituted masked 2-furylcarbinol mechanophore,27

which we attribute to the relatively broad molar mass distri-
bution (i.e., Đ > 1.1) that increases the competition between
mechanophore activation and nonspecic chain scission and
ultimately results in lower mechanophore activation effi-
ciency.37,38 Importantly, negligible cargo release was observed
upon ultrasonication of PMA-Control that incorporates the
cargo-loaded mechanophore at the polymer chain end, which is
not subjected to mechanical force, conrming the mechanical
origin of payload release from PMA-1 (Fig. 3).

To further probe the dual release mechanism and also
demonstrate the ability to systematically modulate the kinetics
of payload release, we prepared polymer PMA-2 (Mn = 120 kDa,
Đ = 1.35) incorporating a chain centered mechanophore in
which the two cargo molecules, ArNH2 2 and ArOH 3, are
conjugated at opposite positions compared to PMA-1 (Fig. 4).
Based on the proposed fragmentation mechanism and the
pronounced difference in reactivity between the furfuryl
carbonate and furfuryl carbamate,26,32 we would expect that the
release of ArOH 3 will occur rapidly, with much slower release of
the second payload, ArNH2 2, conjugated to the self-immolative
linker (Fig. S8†). A modied synthetic protocol compared to
PMA-1 was required due to challenges forming the carbonate
selectively at the primary alcohol on Diels–Alder adduct 7.
Instead, ArNH2 2 was rst installed via carbamate formation on
the secondary alcohol of furfural derivative 6, which was then
carried through a similar synthesis as the one illustrated in
Scheme 2 (see the ESI† for details). To evaluate the kinetics of
cargo release from PMA-2, a 2 mgmL−1 polymer solution in 3 : 1
MeCN/MeOH was subjected to similar ultrasonication condi-
tions as above for 60 min and cargo release was subsequently
monitored at room temperature using HPLC (Fig. 4). Again,
normalized cargo release is plotted in Fig. 4 to highlight the
relative rates of release of each payload. The non-normalized
data are provided in Fig. S9.† As anticipated, the release of
ArOH 3 reached a maximum prior to the rst measurement and
remained essentially constant over time, indicating that furfuryl
carbonate decomposition occurs essentially immediately
following mechanical activation of the mechanophore.27 In
contrast, the release of the second cargo, ArNH2 2, occurred
with a signicantly longer half-life of t1/2 = 18 h. Aer 60 min of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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sonication, ArNH2 2 was released in 24% yield and ArOH 3 was
released in 32% yield. Here, the even higher dispersity of PMA-2
compared to PMA-1 likely contributes to the diminished cargo
release yields aer the same extent of sonication, resulting from
lower mechanophore conversion under similar conditions. We
speculate that the higher dispersity may reect the closer
proximity of the carbamate group to the benzylic stereocenter
on the bis-initiator. Similar to the results above, the release of
the rst cargo molecule from the initially generated furfuryl
carbonate is again slightly more efficient than the release of the
second cargo conjugated to the self-immolative linker. Notably,
however, the dramatic difference in cargo release kinetics
observed for PMA-2 compared to PMA-1 highlights the ability to
ne-tune the relative release proles based on the identity of the
cargo and the attachment position on the mechanophore scaf-
fold. Moreover, these results provide additional support for the
stepwise fragmentation mechanism, indicating that expulsion
of the self-immolative aryloxy group occurs aer initial
decomposition of the mechanically generated 2-furylcarbinol
derivative. Importantly, negligible cargo release was observed
aer incubating PMA-2 in 3 : 1 MeCN/MeOH for 96 h at room
temperature (Fig. S10†), fully consistent with control experi-
ments demonstrating the stability of the primary carbonate
under these conditions and supporting the mechanical origin
of payload release.27 The ability to precisely control the relative
release proles of two different drug molecules, for example, is
a unique attribute afforded by this mechanophore design,
making it potentially suitable for applications in schedule-
dependent combination therapies with enhanced therapeutic
efficacy.39,40

Conclusions

We have designed a novel mechanophore based on a masked
5-aryloxy-substituted 2-furylcarbinol derivative incorporating
a self-immolative spacer facilitating the mechanically trig-
gered release of two distinct molecular payloads. The mecha-
nophore design leverages a unique fragmentation pathway
involving the initial decomposition of a mechanochemically
unveiled 2-furylcarbinol derivative to release the rst payload
followed by a second fragmentation process resulting in
expulsion of the aryloxy substituent. Installation of a judi-
ciously designed aryloxy spacer capable of self-immolation via
a 1,6-elimination mechanism enables the release of a second
payload molecule from a single mechanophore. Notably, we
demonstrate that the relative release rates of the two cargo
molecules are varied over a wide range based on both the
reactivity of the payload/linker group and the position of
conjugation to the mechanophore. By simply switching the
attachment positions of two model payloads, mechanically
triggered release occurs either concurrently or sequentially,
resulting in remarkably different release proles. The selec-
tivity, modularity, and tunable release kinetics afforded by this
mechanophore design provide a promising platform for
a variety of potential applications including real-time moni-
toring of drug distribution, combination chemotherapy, and
even dual catalysis.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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